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EFFECT OF INLET TEMPERATURE ON ROTATING STALL AND BLADE VIBRATIONS
IN A MULTISTAGE AXTAL-FIOW COMPRESSOR

By Arthur A. Medeiros, Howard F. Calvert, and David B. Femn

SUMMARY

Rotating-stall and blade-vibration data for the first three rotor
blade rows of a 1l3-stage axisal-flow compressor were obtained at inlet
temperatures of -50°, 60°, and 155° F. The stall frequency for a given
stall pattern was found to be essentially a linear function of actual
engine speed and was independent of inlet temperature. However, the
actual speed range over which & given stall pattern was obtained shifted
with the various Inlet temperatures-investigated. The speed range for a
given stall pattern could be uniquely defined by equivalent engine speed.
The ratio of stall speed to engine speed was spproximately constant for a
given stall configuration and varied from 0.47 to 0.55 for stall patterns
consisting of one to five zones.

The speeds at which resonant blade vibrations in the first three
stages of rotor blades could occur were determined from critical-speed
diagrams and verified by strain-gage messurements. The critical speeds
vere Independent of inlet temperature. However, because the stall pattern
at a gilven speed 1s a functlon of inlet temperature, resonant vibratlons
gt the critical speed would occcur only over the temperature range where
the stall zone responsible for the rescnant condition was encountered.

INTRODUCTION

The investigations reported in references 1 to 3 show that stall of
8 blade row results in low-flow reglons (stall zones) that are usuzlly
symuetrically spaced around the circumference of the blade row. The low-
Tlow Zones propagate around the blade row from the pressure surface to
the suction surface of the blades. Because of the relative motion between
the symmetrically spaced stall zones and the blades, each blade experiences
g8 periodic fluctuation of loeding. References 4 to 7 show the correlation
of the periodic loading of rotating stall with resonant blade vibrations.
In some instances these vibrations have resulted in fatigue fallures.

UNCLASSIFIED .
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In multistage compresesors the stall-propasgabtion velocity has been
found to be in the relatively narrow range from 45 to 57 percent of the
rotor speed. The number of zones in the stall pasttern, however, has
varied from 1 to 8 (refs. 6 to 8), so that a large range of blade excita-
tion frequencies is possible. .

The natural frequency of the rotor blades of s compressor is a func-
tion of the actual rotational speed of the rotor blade row. The natural
frequency increases with speed because of the stiffening effect of cen-
trifugal force. The zerodynamlc operating condition of the compressor,
however, is a function of equivalent speed. The equiveglent sgpeed is
defined as the actual speed divided by the square root of the ratioc of
inlet temperature to-standard sea-level temperature (59° F). Thus, inlet
temperature may have a definite effect on stall-incited blade vibrations
because of the many combinetlons of actual and equivalent speeds that are
possible. For this reason, it is desirable to determine a correlation of
inlet tempersture and stall characteristice and attendant blade vibrations.

The investigation reported herein, conducted at the NACA Lewis lab-
oratory, 1ls concerned with the effects of inlet temperature on stall fre-
quency and blade vibration. A 13-stage axisl-flow compressor was run as
part of a turbojet engine at inlet temperatures of -50°, 60° and 155° F.
The Reynolds number lndex for the two extreme temperatures was 0.46 and
for the intermedi?te temperature, 0.89. The Reynolds number index is

P/P
(T/TSI){zyﬂ T where P, T, and p s&are inlet pressure, tem-

perature, and viscosity, respectively. The gubscript s1 indicates sea-
level stendard condlitions. The investligetion covered a speed range from
approximetely 55 to 75 percent of rated eguivalent design speed. The
highest equlvalent speed is the maximum gt which rotating stall was en-
countered along the equilibrium engine operating line with rated nozzle
area. Data were obtained to determine the number of stall zones present
in the compressor, the stall frequency, and the vibratory stresses in the

defined as .

flrst three rotor rows. . . . ) L . _. .

APPARATUS AND PROCEDURE
Installation

The axial-flow compresgor used for the lunvestligatlon reported herein
consisted of 13 stages and was run as part of a turbojet engine in an
altitude test chamber. The engine was fitted with an adjustable-ares
exhaust nozzle, so thet the compressor operating point at any given speed
could be varied.
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- ' : Instrumentation

The flow fluctuations of rotating stall were messured by the use of
a constant-current hot-wire anemometer. The anemometer signals were
recorded on a 24-chammel recording oscillograph. Each anemometer probe
was fitted with a 0.001l-inch-diesmeter by 0.10-inch-long wire. The wire
was kept at a constant average tempersture. The flow fluctustions were
detected from the instantaneous variations in wire temperature (resist-
snce). A resistance-capacitor compensator was used to obtain the nec-
essary speed of response. ' .

Anemometer probes were located in the stator passage of the first,
second, and third staeges. Three angular spacings of the probes were
provided in each stage. The number of stall zones was determined by the
method shown in reference 2.

The blade stresses were measured in the first three rotor stages by
the use of resisgtance-wire strain gages. The strain gages were installed
on 24 rotor blades equally dlvided among the three stages in two dlamet-
rically opposite groups of four blades each. Lead wires from the gsges
wvere run to a slip-ring assembly mounted on the front of compressor. The
slip-ring assembly end strain-gage circult are described in reference 9.

Procedure

The engine was run over a range of speeds from approximstely 55 to
75 percent of rated equivalent speed. The exhaust-nozzle srea was varled
at each speed from thet required for rated operation to that for limiting
exhaust-gas temperature at gpproximately 75 percent of equivalent design
speed. The inlet conditions are as follows:

Temperature, Reynolds number
index
155 0.46
60 .89
~-50 .46

RESULTS AND DISCUSSION
Rotating-Stall Characteristics
The absolute stall frequenciles measured 1n this investigetion are
plotted in figure 1 as & function of engine speed. The data for the

sbandard temperature (60° F) were reported in reference 6. Stall config-
urations consisting of 1, 2, 3, 4, and 5 stall zones were detected. The

S
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various stall configurations were obtained by varying both speed and
exhaust-nozzle aresa, Bc that more than one stall pattern could be obteined
at a given engine speed. The absolute stall frequency for any given stall
configuration (number of stall zones) increases linearly, within experi-
mental scatter, with compressor speed. The different inlet conditions
had no apparent effect on the linear relation between flow-fluctuation
frequency and compressor speed. The greatest effect of inlet conditions
1s the change in the compressor speed range at which sgtall 1s encountered.
As the Inlet temperature is lincreased, the maximum speed at which stall
occurs also lncreases.

The increased engine speed at which stall is encountered can be
enticipated on the baslis of compressor theory. For a given ram pressure
ratio, the operating point of the compressor {(pressure ratio and equiva-
lent weight flow) in a turbojet engine is uniquely defined by equivalent
speed and exhaust-nozzle area, dlsregarding effects of Reynolds number.
Equivalent flow and equivalent speed determine the sgtall confliguration
encountered in a particular compressor. With a given exhaust-nozzle areas,
therefore, the same stall configuretion can be expected at a glven equiv-
alent speed. Thus, the absolute, or actual, englne speed range over which
a stall configuration is encountered i1s a function of inlet temperature.
The higher the inlet temperature, the higher the actual speed at which
roteting stall wlll be encountered with a glven exhaust-nozzle area.
Since the stall frequency can be considered sn serodynamic velocity, it
can further be expected that, at & given equivalent engine speed and
exhaust-nozzle area, the same equivalent stall frequency (fs/afa) would
be obtained.

The equivalent stall frequenciles measured wlith the three inlet tem-

peratures are plotted 1n figure 2 agsainst equivalent compressor epeed.
At any given equivalent compressor speed, the same eguivalent stall fre-
. Quency 1s obtained for a given stall configuration, regardless of the

inlet temperature. The speed limits over which a glven stall charsacter-
istic is obtained are slightly different, beczuse testing limitations dld
not permit a cholece of exhaust-nozzle area that is Independent of inlet
conditions. The minimum area was fixed by limiting exhaust-gas tempere-
ture, and the maximum area was limited by the necessary rem pregsure ratio
reguired across the test lnstallation. In general, however, the range of
equivalent speeds over which a given stsll pattern exists 1s independent
of inlet tempersture.

The ratio of stall velocity h = fs/k to compressor speed 1s plotted
against equivalent compressor speed in figure 3 (A is the number of stall
zones in the pattern). With the exception of a few scattered points, the
stall-veloclty to compressor-speed ratlio is constant over the equivalent-
speed range for any given stall configuration. The aversge speed ratio
for each of the five stall configurations is as f6llows:
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Stall zones, A Ratio of stall velocity
to rotor speed, h/N

1 0.470
2 525
3 .5a5
4 54
5 .58

The range of speed ratios is relatlively narrow and falls within the range
previously encountered in multistage compressors.

Data obtained on multistage compressors presented in the form of
figures 2 end 3 would represent a satisfactory calibratlion of rotating-
stall frequencies obtalnable in that particular compressor, regerdless
of the inlet tempergture st whlich the data were obtalned. It would be
necessary, of course, to determine the exact equivalent-speed limits to
which each of the stall configuratlions is confined for a given exhsusgt-
nozzle area.

Blade Vibration

The effect of inlet temperature on rotating stall mey be Interpreted
with respect to 1ts effect on resonant blade vibration. The englne speeds
at which resonant vibrations could occur in & particular blade row can be
determined from a plot of the ratio of rotating-stall frequency to natural
bending frequency of the bledes sgainst engine speed. In the case of a
rotor blade row the relative stall frequency must be used:

fé:N)&—f

where f. 1is the stall frequency relative to rotor blades, £ 1is the &ab-
solute stall frequency, N 1is the engine speed, and A is the number of
stall zones in the stall pattern. In sddition, the natursl bending fre-
quency of the blades should be corrected for the stiffening effect of
centrifugal force (see ref. 10).

Critical-speed diagrams for the first three rotor blade rows for the
compressor used in this investigatlon are shown in figure 4. The relative
stall frequenciles were calculated Ffrom the absolute stall frequencles ob-
tained from figure 1 and extrapolated linearly for an engine speed range
from 3000 to 8300 rpm. Inasmuch as the wave form of the force variation
resulting from rotating stall contalns strong harmonics and 1s not simply
sinusoidal, the blades can be excited to resonent vibration not only when
the stall and natural bending frequencies are equal but slso when the
stall frequency 1s some fraction (e.g., 1/2, 1/3, etc.) of the natural
frequency of the blades. The number of harmonics that must be considered
depends on the particular shape and strength of the wave form due to
rotating stall.

o~ .
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The critical speeds obtained from flgure 4 are listed in the follow-
ing table. Resonance with the fundamental and first harmonic only are
considered: ' '

Stage | Engine speed, |Stall zones |Type of resonsnce B

rpm '

1 7550 5 Fundamental
3730 4 First harmonic
51380 3 First harmonic

2 3250. 5 First harmonic
4150 4 First harmonic
5800 3 First harmonic

3 4150 5 Flrst harmonic
5270 4 First harmonic
7550 3 First harmonic

Although these critical speeds are all possible, the inlet tempera-~
ture must be such that, at the given critical speed, the equivalent speed
1s in the range where the stall zone respongible for resonant vibration
is present. This necessary condition 1s 1ilustrated 1n figure 5 for the
case of the three-zone stall pattern. Engine speed is plotted against
inlet total temperature. An suxlililary scale presents the flight Mach
number that would give the correspondlng lnlet total temperature for
£light in the tropopause. Two lines of constant equivalent speed (4780
and 6140 rpm) are shown; these are the equivalent-speed limits over which
three stall zones can be obtalned as indlcated in figure 2. In addition,
three lines of constant actual speed (5190, 5800, and 7550 rpm) are shown,
which correspond to the critical speeds for the flrst, second, and third
stages, respectively.

Figure 5 1ndicates that resonant blade vibration in the first stage,
due to three stall zones, can be expected over an inlet-temperature range
from aspproximastely -90° to 180° F. The effective inlet-temperature renge
for three-gtall-zone excltatlon in the second stege 1s from approximately
5° to 310° F. In the third stage resonant excitation with the first har-
monic of the three gtall zones could be expected only at some inlet tem-
perature above 3400 F, which corresponds to a flight Mach number in the
tropopause of approximately 2.3. Dilagrams similer to figure 5 could be
mede for each stall configuration to determine the temperature ranges
over which blade vibrations due to rotating stall could be encountered.

The maximum vibratory stresses measured in each of the first three
stages are shown in figure 6. In the first stage, the maximum stress
occurs at 5200 rpm and is due to resonance with the first harmonic with
three stall zones; this agrees wilth the eritical speed shown In figure
4(8). The level of maximum vibratory stress varies because of the

¢l
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different inlet-gir densities for the three sets of data. Peak stresses
are encountered at 5200 rpm over the entire range of inlet temperature
run. From figure 5 it would be expected that en inlet temperature Just
slightly above the maximum run (155° F) would be sufficient to put the
critical speed outside the equlvalent-speed range for three stall zones;
therefore, high vibratory stresses would not be encountered in the first
stage.

In the second stage, the meximum vibratory stress occurs st 5800
rpm. Figure 4(b) indicates that the high stress at this speed is due to
resonance wlth the first harmonlc of three stall zones. The inlet-
temperature range over which 5800 rpm 1s critical is from 5° to 310° F
(fig. 5); consequently, at the lowest inlet temperature used in this in-
vestigation (-50° ¥), high vibratory stresses are not encountered.

In the third stage, high stresses are encountered at 5200 rpm only
wlith the intermediate tempersture. Figure 4(c) shows that the resonant
condition on the third stage at thls speed occurs because of the first
harmonic of four stall zones. The equivalent-speed range for four stall
zones 1s 4570 to 5850 rpm. The temperature range, then, over which high
vibratory stresses might be encountered at 5200 rpm is from -50° to 210°
F. The lower temperature used I1n the investigation was sufficlently close
to the low-temperature limit to explain why high stresses were not en-
countered with the cold inlet temperature (-50° F). However, the runs
made st high inlet temperature (155° F) were within the range where high
stresses would have been measured at the critical speed. With the high
inlet temperature, the minimum exhgust-nozzle area run was limited by
high exhaust-gas temperatures; conseguently, the compressor 4id not oper-
ate in the region where four stall zones would be prevalent.

The stall and blade-vibration deta reported herein indicate that the
stall frequency is a Punctlion only of the stall pattern and the absolute
compressor speed. The gbsolute speed at which resonant blade vibrations
exclted by a particular stall pattern cen be encountered does not change
wilth inlet temperature; however, the speed at which the particular stall
pattern can be obtained depends on inlet temperature.

SUMMARY OF RESULTS

An investlgatlion to determine the effects of inlet temperature on
rotating stall and assoclated blade-vibration characteristics of a multi-
stage axial-flow compressor produced the following results:

1. S8tall patterns consisting of 1, 2, 3, 4, and 5 stall zones were
detected at all inlet temperatures in the eguivalent compressor speed
range between 4600 and 6200 rpm. The actusl speed range over which &
glven stall pattern was encountered was determined by equivalent engine
speed and inlet temperature.

.
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2. The stall frequency for a glven stall configuration was essen-
tially proportional to actual engine speed and was independent of the
compressor-inlet temperature. The ratio of stall speed toc engine speed
was esgentlally constant for a glven stall pattern and varied from 0.47
for the one-zone patitern to 0.55 for the five-zone gtall pattern.

3. Critical-speed dlagrems and vibratory-stress measurements showed
that resonant blade vibrations could occur in the firgt-stage rotor blades
et 5200 rpm and in the second-stage rotor blades st 5800 rpm. In both
cages, resonance was & result of the first harmonic of the three-zone
8tall pattern. The critical speed for the third-stage rotor blades was
5200 rpm and was a result of the first harmonic of the four-zone stall

pgttern.

4. The critical speed at which the blade vibrations due to a given
rotating-stall pattern can occur i1s independent of Inlet temperature.
The exlstence of the given stall pattern at that speed, however, depends
on the compressor-inlet temperature.

Lewls Flight Propulsion Leboratory
National Advisory Committee for Aeronautlcs
Cleveland, Ohio, May 9, 1955
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Figure 1. - Variation of stall frequency with engine speed and stall configuration.
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Figure 2. - Correlstion of equivalent stall frequency with
equlvalent engline speed.
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Ratlo of stall veloeity to engine epeed, h/N
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Ratio of reletiva astall frequency to blade bending frequemcy, fé/f-b
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Ratlo of relative stall frequency to blade
bending frequency, f's/f.b
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